The vast majority of surgical biopsy and post-mortem tissue samples are formalin-fixed and paraffin-embedded (FFPE), but this process leads to RNA degradation that limits gene expression analysis. As an example, the viral RNA genome of the 1918 pandemic influenza A virus was previously determined in a 9-year effort by overlapping RT-PCR from post-mortem samples. Using the protocols described here, the full genome of the 1918 virus at high coverage was determined in one high-throughput sequencing run of a cDNA library derived from total RNA of a 1918 FFPE sample after duplex-specific nuclease treatments. This basic methodological approach should assist in the analysis of FFPE tissue samples isolated over the past century from a variety of infectious diseases.
INTRODUCTION
Molecular diagnostics approaches for a wide variety of infectious diseases have been successfully applied to archival fixed tissue biopsy and autopsy samples for over two decades (O'Leary 2003) . Polymerase chain reaction (PCR)-based or Reverse Transcription PCR (RT-PCR)-based approaches have been readily applied to microbial diagnosis because of their ease, sensitivity, and specificity. These types of assays are very useful for clinical diagnosis of a suspected pathogen, but of course require at least partial pathogen genome sequence target information to design appropriate primers, probes, and assay conditions. In the last decade, high-throughput DNA sequencing platforms, or next generation sequencing, which can determine millions of bases (megabases) of DNA sequence per run (Service 2006) , have provided researchers, diagnostic laboratories, and public health officials with a new and powerful tool. High-throughput DNA sequencing strategies can be designed using target sequence-dependent strategies, but significantly, sequence targetindependent high-throughput sequencing methodologies allow for the identification of novel viral genomes using metagenomic approaches (Bibby 2013; Firth and Lipkin 2013; Baldwin, Feldman et al. 2014 ). These approaches have the potential to transform pathogenesis research, surveillance, and clinical microbiological diagnostics. For identification or characterization of RNA viral genomes, most of these strategies depend, however, on high-quality viral RNA.
Unfortunately, most biopsy or autopsy tissue samples are formalin-fixed and paraffinembedded (FFPE) . An enormous number of FFPE archival human and veterinary tissue samples from the end of the 19 th Century (Fox, Johnson et al. 1985) to the present are stored in hospitals, tissue banks, and laboratories. These samples have the potential to provide a wealth of novel information in retrospective molecular genetic and/or metagenomic studies of diseased tissues (Tang, David et al. 2009 ). Different analysis platforms, including microarray (April, Klotzle et al. 2009; Mittempergher, de Ronde et al. 2011 ) and highthroughput sequencing (Schweiger, Kerick et al. 2009; Beck, Weng et al. 2010; Wood, Belvedere et al. 2010) have been applied to FFPE samples. A significant challenge to the metagenomic analysis of these archival samples, however, is the degradation and modification of RNA that occurs during fixation and embedding (Krafft, Duncan et al. 1997; Masuda, Ohnishi et al. 1999; Evers, Fowler et al. 2011; Evers, He et al. 2011) .
Recently, we applied a high-throughput DNA sequencing metagenomic approach to FFPE human autopsy lung tissue samples from the 1918 'Spanish' influenza pandemic (Xiao, Kash et al. 2013) . Different research or diagnostic questions will require development and implementation of different strategies, but this study serves as a representative methodology to perform a metagenomic analysis from fragmented RNA isolated from archival material nearly 100 years old. The protocol presented here describes the construction of deep sequencing libraries suitable for the Illumina platform from RNA isolated from archival FFPE tissues for the enrichment and detection of viral RNA and host mRNA. It contains three parts: Basic Protocol 1 describes the steps for the effective isolation of total RNA from archival FFPE samples; Basic Protocol 2 describes the steps of preparing a total RNA sequencing library from isolated RNA for Illumina high throughput sequencing; Basic Protocol 3 describes the normalization steps for the prepared sequencing library using duplex-specific thermostable nuclease (DSN) to decrease the amount of cDNA derived from rRNA in order to enrich for cDNAs derived from viral RNA and host mRNA in the library.
Materials

CitriSolv
Absolute ethanol
Proteinase K (20 mg/ml in molecular-grade water), stored at −20°C 
Deparaffinization of tissue sections and initial extraction 1
Add 800μl of CitriSolv to an RNase-free microcentrifuge tube containing threeto-six 6μm sections of tissue. Vortex at full speed for 5 sec. Add 400μl ethanol. Vortex at full speed for 5 sec. Spin in a microcentrifuge at full speed (~14,000 rpm) for 5 min. If residual paraffin is visible, repeat this step.
3
Dry pellet in a 55°C oven for approximately 5 min or until air dry for at least 15 min at room temperature. Do not over dry.
4
Determine total amount of extraction buffer needed (250μl/sample). Remove proteinase K stock from freezer and thaw at room temperature. Tap proteinase K to mix. Vortex extraction buffer to mix. Add 45μl proteinase K to 1.5 ml extraction buffer and mix by tapping.
5
Add extraction buffer (250μl) to specimen tubes and vortex a few seconds at slow speed. Place in 55°C waterbath for 4 hr. to overnight.
Isolation of RNA
6
Add 750μl TRIzol LS to an RNase-free microcentrifuge tube containing 250μl of tissue in extraction buffer. Vortex at medium speed for 5 sec to mix thoroughly. Incubate at RT for 5-10 min. Add 200μl chloroform and shake by hand for 15-20 sec. Incubate at RT 5-10 min. Centrifuge at 12,000 rpm in a microcentrifuge for 10 min.
7
Transfer upper aqueous layer to a fresh 1.5 ml microcentrifuge tube containing 1.5μl glycogen (30μg). Add 500μl isopropanol and mix by inversion. Incubate on ice for at least 10 min.
8
Collect precipitate by centrifugation at 12,000 rpm for 10 min.
9
Wash pellet with 1.0 ml 75% ethanol, centrifuge at 9,000 rpm for 5 min. Decant supernatant.
10
Collect residual liquid at the bottom of the tube by centrifuging for a few seconds. Remove liquid with a pipet. Allow any remaining liquid to evaporate by leaving tube inverted on a Kimwipe for 10-15 min. Add 35μl of DEPC treated water. Incubate in 55°C waterbath for 10 min to allow RNA to resuspend. Mix gently and store at −70°C.
DNase treatment of RNA before making cDNA 11 DNase treat RNA by adding 1μl 10x DNase reaction Buffer, 1μl DNase I (Amplification grade, 1U/μl) and DEPC treated water to RNA, to a total reaction of 10μl.
12
Incubate at room temperature for 15 min, then add 1μl 25mM EDTA.
13
Stop reaction by incubation at 65 °C for 10 min. The total volume should be 17μl.
BASIC PROTOCOL 2: SEQUENCING LIBRARY PREPARATION
2.
Incubate the sample in a PCR thermal cycler at 65°C for 5 minutes, and then place the tube on ice.
3. Set the PCR thermal cycler to 25°C.
4.
Add 1ul of SuperScript II to 9μl of 1st Strand Master Mix and mix well.
5.
Add 8μl of pre-mixed SuperScript II and 1st Strand Master Mix into the 17μl primed RNA tube.
6.
Incubate the sample in a thermal cycler with following program:
25°C for 10 minutes 42°C for 50 minutes 70°C for 15 minutes
Hold at 4°C
Synthesize the Second Strand cDNA 1. Add 25 μl of thawed Second Strand Master Mix to the tube of 1 st strand cDNA synthesis. Gently pipette the entire volume up and down 6 times to mix thoroughly.
2.
Mix well and incubate at 16°C in a thermal cycler for 1 hour.
Purify double stranded cDNA 1. Vortex the AMPure XP beads until they are well dispersed and leave at room temperature at least 30 minutes.
Add 90 μl of well-mixed AMPure XP beads to each tube containing 50μl of double-stranded (ds) cDNA. Gently pipette the entire volume up and down 10 times to mix thoroughly.
3.
Incubate the tube at room temperature for 15 minutes. Then transfer contents to a 1.5 ml microcentrifuge tube if necessary for convenience on the magnetic stand.
4.
Place the tube on the magnetic stand at room temperature, for 5 minutes to make sure that all of the beads are bound to the side of the tube.
5.
Remove and discard 135μl of the supernatant from the tube.
6.
With the tube remaining on the magnetic stand, add 200μl of freshly prepared 80% ethanol to the tube without disturbing the beads.
7.
Incubate the tube at room temperature for 30 seconds, then remove and discard all of the supernatant from each tube.
8.
Repeat steps 5 and 6 once for a total of two 80% ethanol washes.
9.
Leave the tube at room temperature for 15 minutes to dry and then remove the tube from the magnetic stand (Note: After removing all the liquid, do not let the beads 
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10.
Centrifuge the thawed, room temperature Resuspension Buffer to 600 g for 5 seconds.
11. Add 52.5μl Resuspension Buffer to each tube and gently pipette the entire volume up and down 10 times to mix thoroughly.
12.
Incubate the tube at room temperature for 2 minutes.
13.
Place the tube on the magnetic stand at room temperature for 5 minutes.
14.
Transfer 50μl of the supernatant (ds cDNA) from the tube to a new 0.2 ml PCR tube SAFE STOPPING POINT: If you do not plan to proceed to next step immediately, the protocol can be safely stopped here. If you are stopping, store the sample at −20°C.
7.
Incubate the tube at room temperature for 30 seconds, then remove and discard all of the supernatant from each well.
8.
9.
Leave the tube at room temperature for 15 minutes to dry and then remove the tube from the magnetic stand.
10. Add 50μl of room temperature Resuspension Buffer to each tube and gently pipette the entire volume up and down 10 times to mix thoroughly.
11.
12.
13. Transfer 20μl of the supernatant (adaptor-ligated cDNA) from the tube to the a 0.2 ml PCR tube SAFE STOPPING POINT: If you do not plan to proceed to next step immediately, the protocol can be safely stopped here. If you are stopping, store the sample at −20°C.
Enrich the Purified cDNA Templates 1. Pre-program the thermal cycler with the following program:
• Choose the pre-heat lid option and set to 100°C
• 98°C for 30 seconds 3. Add 25μl of thawed PCR Master Mix to each tube. Gently pipette the entire volume up and down 10 times to mix thoroughly.
3.
Incubate the tube at room temperature for 15 minutes. Then transfer contents to 1.5 ml microcentrifuge tube.
4.
Place the tube on the magnetic stand at room temperature, for 5 minutes to make sure that all of the beads are bound to the side of the wells.
5.
Remove and discard 95μl of the supernatant from each tube.
6.
With the tube remaining on the magnetic stand, add 200 μl of freshly prepared 80% ethanol to the tube without disturbing the beads.
7.
8.
9.
10. Add 32.5μl of room temperature Resuspension Buffer to each tube and gently pipette the entire volume up and down 10 times to mix thoroughly.
11.
12.
13. Transfer 30μl of the clear supernatant (amplified library) to a new 1.5ml microcentrifuge tube.
SAFE STOPPING POINT:
If you do not plan to proceed to next step immediately, the protocol can be safely stopped here. If you are stopping, store the sample at −20°C.
Validate the Library-Use a DNA specific chip such as the Agilent High Sensitivity DNA Chip on Agilent Technologies 2100 Bioanalyzer to validate the sequencing library as following:
Preparing the Gel-Dye Mix 
5.
Transfer the complete gel-dye mix to the top receptacle of a spin filter.
6.
Place the spin filter in a microcentrifuge and spin for 10 minutes at room temperature at 2240 g ± 20 % (for Eppendorf microcentrifuge, this corresponds to 6000 rpm).
7.
Discard the filter according to good laboratory practices. Label the tube and include the date of preparation.
Loading the Gel-Dye Mix: Before loading the gel-dye mix, make sure that the base plate of the chip priming station is in position (C) and the adjustable clip is set to the lowest position.
BASIC PROTOCOL 3: DUPLEX-SPECIFIC THERMOSTABLE NUCLEASE (DSN) NORMALIZATION
The protocol here describes the use of DSN enzyme to reduce the high amount of rRNA present in the sequencing library. By increasing the temperature and then re-annealing the sequencing library, the high amount of cDNA molecules derived from rRNA in the library quickly form higher amounts of double stranded DNA than those from the less expressed host mRNA or those cDNAs derived from low amounts of viral RNA. Because DSN shows a strong preference for cleaving double strand DNA (Zhulidov, Bogdanova et al. 2004 ), applying DSN treatment in this step can greatly decrease the amount of cDNA derived from rRNA in the sequencing library.
Materials
Duplex-Specific Nuclease Kit (Axxora) 5. Gently pipette the entire volume up and down 10 times, then centrifuge briefly to mix.
6.
Transfer the entire volume of reaction mix directly to the bottom of a new, sterile, nuclease-free 200μl PCR tube, using a pipette. Do not let the sample contact the side of the tube during the process.
7.
Incubate the reaction mix tube on the thermal cycler using the following PCR cycling conditions:
• 98°C for 2 minutes • 68°C for 5 hours 8. Proceed immediately to following DSN treatment steps (CAUTION Following incubation, keep the thermal cycler lid closed and the temperature held at 68°C. Do not remove the reaction mix tube from thermal cycler prior to and during DSN treatment).
9.
Dilute the 10X DSN Master buffer supplied in the DSN kit to 2X with nucleasefree water.
10.
Pre-heat the 2X DSN buffer on the pre-heated heat block at 68°C.
11.
Quickly add 20μl of pre-heated 2X DSN buffer to the first reaction mix tube.
12.
With the reaction mix tube remaining within the thermal cycler, gently pipette the entire volume up and down 10 times to mix thoroughly using a pipette set to 40μl.
13.
Incubate the reaction mix tube on the thermal cycler at 68°C for 10 minutes.
14.
Quickly add 2μl of DSN enzyme to the reaction mix tube using a 2μl pipette.
15.
16.
Incubate the reaction mix tubes on the thermal cycler at 68°C for 25 minutes.
17.
Add 40μl of 2X DSN stop solution to each reaction mix tube. Gently pipette the entire volume up and down to mix thoroughly, then place the tubes on ice.
Purify DSN Treated DNA Templates
1. Vortex the AMPure XP beads until they are well dispersed and leave at room temperature at least 30 minutes.
2.
Transfer contents of each reaction tube to 1.5 ml microcentrifuge tube if necessary.
3.
Add 128 μl of well-mixed AMPure XP beads to each tube containing 80 μl of DSN treated library. Gently pipette the entire volume up and down 10 times to mix thoroughly.
4.
Incubate the tube at room temperature for 5 minutes.
5.
6.
Remove and discard the supernatant from each tube. Take care not to disturb the beads.
7.
With the tube remaining on the magnetic stand, add 180 μl of freshly prepared 80% EtOH to the tube without disturbing the beads.
8.
9.
Repeat steps 5 and 6 once for a total of two 80% EtOH washes.
10.
Let the tube at room temperature for 15 minutes to dry and then remove the tube from the magnetic stand.
11.
Add 30 μl of room temperature QIAGEN EB Buffer to each tube and gently pipette the entire volume up and down 10 times to mix thoroughly.
12.
13.
Place the tube on the magnetic stand at room temperature for 5 minutes. 2. Transfer contents of each reaction tube to 1.5 ml microcentrifuge tube if necessary.
Transferring to the 1.5 ml tube depends on the size of your magnetic stand. It is more convenient to use a 1.5 ml tube if the stand is designed to fit those tubes.
3.
Add 80 μl of well-mixed AMPure XP beads to each tube containing 50 μl of PCR amplified library. Gently pipette the entire volume up and down 10 times to mix thoroughly.
4.
5.
6.
7.
8.
9.
10.
11.
Add 20 μl of room temperature QIAGEN EB Buffer to each tube and gently pipette the entire volume up and down 10 times to mix thoroughly.
12.
13.
14.
Transfer 30 μl of the clear supernatant to the new 1.5 ml microcentrifuge tubes. Store at −20°C.
15.
Repeat duplex-specific thermostable nuclease (DSN) normalization one more time by repeating all the steps in BASIC PROTOCOL 3).
16.
Validate the final sequencing library on an Agilent 2100 Bioanalyzer using the Agilent high sensitivity DNA chip by repeating all the steps in Validate the Library section in BASIC PROTOCOL 2.
17.
Cluster the final library on the cbot and sequence on an Illumina high throughput sequencer following standard Illumina protocols (http://www.illumina.com/).
REAGENTS AND SOLUTIONS
Extraction buffer (20 mM Tris-HCL pH 7.6, 20 mM EDTA, 1% SDS)
To make 100 ml:
• 2 ml 1M Tris, pH 7.6
• 4 ml 0.5 M EDTA
• 10 ml 10% SDS
• 84 ml Molecular-grade water
• Extraction buffer is stored in 1.5 ml aliquots at room temperature without Proteinase K. Before use Proteinase K stocks are thawed and 45μl of Proteinase K stock (20 mg/ml) is added to 1.5 ml of extraction buffer.
COMMENTARY Background Information
FFPE advantages and disadvantages-Formalin-fixed, paraffin-embedded (FFPE) specimens provide valuable archival materials that may go back as far as the late 19th century. It is estimated that, worldwide, over a billion tissue samples, most of them FFPE, are being stored in numerous hospitals, tissue banks, and research laboratories. These archived samples could potentially provide a wealth of information in retrospective molecular studies of different diseases. FFPE tissue is relatively stable for decades, is easily handled, long-term storage is inexpensive, and it is suitable for immunohistochemical or molecular analyses with a low cost of large-scale applications (Kayser, Stute et al. 1988; Perlmutter, Best et al. 2004 ). In addition, most FFPE samples have associated pathological and clinical annotations, which is very important for retrospectively studying these diseases. However, the big challenges of working with FFPE samples are the cross-linking of nucleic acids due to formalin fixation and severe RNA degradation during the embedding process (Foss, Guha-Thakurta et al. 1994; McKinney, Moon et al. 2009 ). In addition, formalin fixation modifies RNA by adding methylol groups that can interfere with reverse transcription (Masuda, Ohnishi et al. 1999 ).
High-throughput sequencing technology, which can determine millions of bases (megabases) of DNA sequence per run (Service 2006) , has been applied mostly to cancerrelated FFPE samples to perform DNA-seq (Schweiger, Kerick et al. 2009; Wood, Belvedere et al. 2010; Singh, Patel et al. 2013 ) and miRNA-seq (Weng, Wu et al. 2010 ). However, characterization and recovery of full length of microbial genomes (e.g., viral and bacterial) from FFPE sample by high throughput sequencing is more challenging. In this protocol, we describe methods that allowed the complete genome of the 1918 pandemic influenza virus from an archival FFPE specimen to be determined using a high-throughput sequencing approach (Xiao, Kash et al. 2013) . The RNA isolated from such archival 1918 FFPE sample of 1918 "Spanish flu" pandemic is highly degraded (Taubenberger, Reid et al. 1997) . From our experience, the length profile of isolated RNAs from these samples is around 100 nucleotides or less. In addition, the RNA isolated from such FFPE tissue samples are predominantly ribosomal RNA and tRNA (Tariq, Kim et al. 2011) . Direct sequencing of a total cDNA library will generate mainly rRNA reads with few influenza viral RNA reads. The standard mRNA-seq procedure using oligo dT primers for mRNA poly-A selection is also not applicable because the RNA isolated from FFPE is highly degraded, leading to production of an extremely 3′ biased sequence library with little or no ability to recover full length viral genome sequences.
Therefore, we applied Duplex-Specific Thermostable Nuclease (DSN) (Evrogen, Moscow, Russia) (Zhulidov, Bogdanova et al. 2004 ) normalization procedures on the sequencing library to reduce the amount of rRNAs present in the sample. DSN has been used to normalize cDNA to enhance the detection of rare transcripts in eukaryotic cDNA libraries by decreasing the prevalence of highly abundant transcripts (Zhulidov, Bogdanova et al. 2004 ). This DSN method includes the denaturation of cDNA, its subsequent reassociation and enzymatic degradation of the double-stranded DNA (dsDNA) fraction using DSN isolated from the Kamchatka crab (Shagin, Rebrikov et al. 2002) . Because abundant transcripts form dsDNA more effectively during the reassociation step, they are easily subjected to DSN-mediated degradation. It has been shown that DSN treatment is a better method to remove rRNA that conventional subtractive hybridization methods for construction of high-throughput sequencing libraries in prokaryotic systems (Yi, Cho et al. 2011) . However, a recent study showed that Ribo-Zero (Epicentre) rRNA removal method outperformed a DSN normalization method in rRNA depletion efficiency using FFPE samples (Zhao, He et al. 2014) , which is a promising alternative. However, the reliability and repeatability of these different protocols need validation in each lab attempting enrichment strategies.
Critical Parameters and Troubleshooting
RNA input amount-The quality and quantity of RNA isolated from archival FFPE samples is highly dependent on the archival source material, with uncontrollable factors including type of tissue, time spent prior to fixation, type and length of fixation, storage conditions, and age of the block (Krafft, Duncan et al. 1997) . From our recent experience constructing cDNA libraries for high-throughput sequencing, newer FFPE samples, for example autopsy materials from the 2009 influenza pandemic, are much easier to work with than very old samples like autopsy FFPE samples from the 1918 influenza pandemic. The amount of RNA used for direct high-throughput library construction that we used is between 100ng to 300ng, which are typical amounts of RNA that we can obtain from FFPE materials. Using this amount of input RNA, we usually can construct satisfactory cDNA libraries for high-throughput sequencing.
Final cDNA library amount and PCR amplification-Another critical point in the process is the final cDNA library amount, which is critical for subsequent DSN treatment.
From our experience, the final library amount needs to be in the range of 50ng to 800ng. Infrequently, the amount of final cDNA library is less than 50ng. In these cases, one could either re-make the library from the beginning by increasing the amount of input RNA or alternatively increase the number of PCR cycles used to achieve enhanced amplification. The highest number of cycles of the final PCR step before DSN treatment that we have used is 18 cycles. The amount of input DNA required for DSN treatment is 80-100ng in 13.5μl. Therefore, if the library is only 50ng, vacuum concentration can be used to concentrate the library from 30 μl to about 15 μl final volume. The DNA amount is critical for DSN treatment because the hybridization rate for each nucleotide molecule is proportional to the square of its concentration (Young and Anderson 1985) .
DSN treatment-DSN treatment was performed twice in our experiments (Xiao et al., 2013) . However, the number of DSN treatments is dependent upon the following factors: 1) how much rRNA is in the library; 2) how rare the viral RNA is in the library; and 3) how many reads will be generated. Use of a quantitative real-time PCR assay is suggested to check the results of DSN treatment of the library. The comparison C T levels of a single copy gene (for example, human β 2 microglobulin) (Krafft, Duncan et al. 1997 ) and human 18s rRNA (Xiao, Kash et al. 2013) can be utilized to monitor the effectiveness of DSN treatment.
Anticipated Results
The protocols described here are very practical and useful for isolating RNA from various FFPE samples including those as old as ~100 years old and constructing rRNA-reduced total RNA-derived cDNA high throughput sequencing library for the Illumina platform. Normally, one to three 6-micron sections of a FFPE sample are used to isolate RNA and 200ng to 700ng total RNA can be produced. From 100ng to 300ng input RNA, a sequencing library can be successfully made with a concentration of at least ~10ng/μl and ~50nM, which is enough to perform the cluster generation step. However, the number of reads of the viral genome sequences will vary depending on the archival samples utilized and the total number of reads generated by the sequencer.
Time Considerations
The whole protocol, from isolation of RNA to finishing DSN treatment of sequencing library, takes 4 or 5 days to complete depending on DSN treatment once or twice. Basic Protocol 1: isolation of RNA from archival fixed tissue samples, takes 2 days to finish. Basic Protocol 2: sequencing library preparation, takes 2 days to finish. Basic Protocol 3: duplexspecific thermostable nuclease (DSN) normalization (once), takes 1 day to finish. In addition, during the whole protocol, there are various safe stopping points, at which times sample can be stored at −20°C. Typical FFPE total RNA on Bioanalyer (The small peak in front is the RNA lower marker). Typical sequencing library on Bioanalyer (The major peak at ~300bp is the library peak. The small peak in front of and another small peak behind the major peak are the lower and higher marker peaks). 
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